Results

identified based on two criteria (Figure 1B): (1) a Kozak consensus sequence (GTCACC) right before the transla-CINAP Identified as a CASK-Interacting Protein
tional start codon ATG; (2) two in-frame stop codons The CASK-interacting protein CINAP was identified in a upstream of this start codon. This mouse CINAP gene yeast two-hybrid screen using the guanylate kinase (GK) shares ‫%49ف‬ identity in amino acid sequence with the domain of CASK as bait. A fragment of CINAP (shown truncated rat CINAP fragment obtained from the yeast in Figure 1A ) was fished out from an adult rat brain two-hybrid screen ( Figure 1A ). It represents the mouse library. The interaction with the GK domain of CASK is homolog of rat CINAP. Hereafter, this mouse full-length specific because the fragment of rat CINAP did not bind clone was used for our studies. either the PDZ domain of CASK or the SH3-GK domain Analysis of the predicted amino acid sequence reof PSD-95 (Table 1) .
vealed some interesting features of CINAP ( Figure 1C ). To obtain full-length CINAP, we searched a mouse First of all, a conserved NAP domain is centrally located EST database using the sequence of truncated rat in CINAP (amino acid residues 206-394). There is also CINAP. We assembled full-length CINAP according to an arginine/lysine (RK)-rich stretch (amino acid residues the sequences of mouse EST clones and genomic DNA
175-204) located at the N terminus of the NAP domain. (see Experimental Procedures for details). The full-
A proline (P)-rich region (amino acid residues 4-73) exlength mouse CINAP was predicted to encode a protein tends immediately after the translational start codon. of 677 amino acids. The 5Ј translational start codon was
The composition at the C terminus of CINAP is also unusual. Four amino acids compose more than 50% of the C-terminal region: aspartic acid, 21%; glutamic acid, ‫-3ف‬ to 5-fold higher in brain compared to other tissues min; ϩϩ, 30-60 min; ϩ, 60-150 min; -, no significant activity.
(Hata et al., 1996).
We next used a DNA super-coiling assay (Fujii-Nakata et al., 1992) to elucidate if CINAP indeed facilitates nucleosome assembly of histone. Circular plasmid DNA was first relaxed by DNA topoisomerase I and then subjected to nucleosome assembly reactions. If histone bound the relaxed plasmid DNA and formed a nucleosome, the linking number of the plasmid DNA would change, and the DNA would revert to its super-coiled state. Under physiological ionic conditions, histone alone was unable to form a nucleosome with plasmid DNA ( Figure 2B, lanes 2 and 4) . Addition of a Nus-CINAP fusion to the nucleosome assembly reaction facilitated formation of the nucleosome in a dosage-dependent manner ( Figure 2B , lanes 5 and 6), indicating that Nus-CINAP fusion protein possesses nucleosome assembly activity. Nus protein alone, used as a negative control, was unable to change the linking number of plasmid DNA ( Figure 2B, lane 3) . This result indicated that CINAP could facilitate nucelosome assembly.
The subcellular distribution of CINAP was examined by immunofluorescence staining. CINAP was found to be highly concentrated in the nuclei of CINAP-transfected COS cells ( Figure 2C ), although it was also present in the cytoplasm of a small portion ‫)%02ف(‬ of transfectants. We noticed that CINAP was excluded from the nucleolus of transfected cells. Thus, CINAP enters the nucleus, interacts with histone and facilitates nucleosome assembly, indicating that CINAP is capable of acting as a nucleosome assembly protein.
Protein Level of CINAP Is Regulated by NMDA and Proteolysis
Since CINAP contains two PEST sequences at its C-terminal region ( Figure 1C ), we speculated that it might be susceptible to proteasomal degradation. To ‫021ف‬ kDa on SDS-PAGE from CINAP-transfected COS cells ( Figure 3A) . We noticed that migration of CINAP in SDS-PAGE was much slower than predicted by its Nucleosome Assembly Activity of CINAP Since CINAP contains a NAP domain, we applied three molecular mass (77.6 kd). This antibody was shown to be specific for CINAP, because it did not recognize any approaches to explore whether CINAP functions as a NAP. First of all, to examine whether CINAP interacts protein species in the extract purified from COS cells transfected with vector control ( Figure 3A ). We then with histone, fusion protein pull-down assays were performed using Nus fusion proteins and purified histone used this antibody to examine expression of CINAP protein in neurons. Immunoblotting analysis of total cell (Figure 2A ). S protein sepharose was used to affinity purify Nus fusions. The core histones H2A, H2B, H3, and lysate, prepared from cultured hippocampal neurons using lysis buffer but without proteasome inhibitor, H4 were pulled down by Nus-CINAP fusions (Figure 2A , lane 4). In the control experiment, the core histones were failed to detect endogenous CINAP (data not shown). We then included proteasome inhibitor MG132 in the not significantly pulled down by an irrelevant Nus fusion (Nus-L27B) (Figure 2A , lane 5) or in the absence of Nus lysis buffer to prevent proteasomal protein degradation and were able to detect full-length endogenous CINAP fusion proteins (Figure 2A, lane 6) . The result indicated that the core histones specifically interact with CINAP.
at ‫021ف‬ kDa on SDS-PAGE ( Figure 3A, arrow) . Hereafter, (G) NMDA treatment did not change the CINAP mRNA level. Total RNAs were purified from cultured hippocampal neurons that were treated as described and analyzed by Northern blot using CINAP and actin cDNAs as probes. Actin, 18S, and 28S rRNA were used as internal controls.
MG132 was regularly added to the lysis buffer for detecan AMPAR antagonist, prior to the addition of glutamate did not alter the effect of glutamate ( Figure 3D ). In contion of CINAP protein by immunoblotting. To further examine whether CINAP proteins are unstable, cultured trast, pretreatment of neurons with AP5, an NMDAR antagonist, reversed the effect ( Figure 3D ), indicating hippocampal neurons were treated with actinomycin D or cycloheximide to block transcription and translation, that glutamate reduced CINAP protein levels via NMDAR receptors. We therefore used NMDA to stimulate culrespectively. After blocking translation for 2 hr, CINAP proteins were reduced by 50% compared with untreated tured hippocampal neurons. Immunoblotting analysis showed that NMDA stimulation also reduced the CINAP control ( Figure 3B ). In contrast, blocking of transcription did not affect CINAP protein levels ( Figure 3B) Figure 3C ). Treating neurons with CNQX, Figure 6A ). The downregulatory effect result suggested that CINAP is preferentially targeted to euchromatin, where transcription is active. To confirm of CINAP on transcription was specific, because CINAP was unable to inhibit the activity of the RSV viral prothis point, a double stain using acetylated histone H4 and CINAP antibodies was performed. In postnatal day moter ( Figure 6C ). Besides, transfection of a construct CASK⌬GK that lacks the ability to interact with Tbr-1 1 rat brain, CINAP proteins were preferentially localized at the region where histone H4 was acetylated (Figures and CINAP did not affect the transcriptional activity of Tbr-1 and CASK in Neuro-2A cells ( Figure 6D ). 5D and 5E). The result suggests that CINAP is targeted to transcriptionally active regions of chromatin in neurons.
We then applied an RNA interference (RNAi) approach to confirm the downregulatory effect of CINAP on the Immunofluorescence staining was also performed to examine colocalization of CINAP, CASK, and Tbr-1 (Figtranscriptional (E) Chromatin-immunoprecipitation (ChIP) using Tbr-1, CASK, and CINAP antibody. After TTX pretreatment for 2 days, 11 DIV cultured neurons were fixed by paraformaldehyde and subjected to ChIP. In the left panel, the average size of sheared chromatin DNA is shown to be ‫5.0-2.0ف‬ kb. Nonimmune control antibody or protein A sepharose alone (control) was used as a negative control for each IP. The precipitates were then analyzed by PCR using two pairs of oligonucleotides. The oligonucleotide pair amplifies a region from Ϫ410 to Ϫ260 relative to the transcription start site of the NR2b gene, referred to as the "Tbr-1 site" of the NR2b promoter. The negative control oligonucleotide pair amplifies a region from Ϫ2335 to Ϫ2159 bp relative to the transcription start site of the NR2b gene, referred as the "distal region" of the NR2b upstream region. "NMDA" indicates that the cultured neurons were stimulated with NMDA for 6 hr before harvest.
CINAP Is Essential for NR2b Expression in Cultured Hippocampal Neurons
immunoprecipitates was examined by PCR using spepromoter ( Figure 9E) , and also, a DNA fragment located at ‫2ف‬ kb upstream of the Tbr-1 binding site on the NR2b cific oligonucleotides. The results showed that all Tbr-1, CASK, and CINAP antibodies precipitated NR2b propromoter could not be amplified from immunoprecipitates ( Figure 9E ). These results support the recognition moter ( Figure 9E ). The ChIP using Tbr-1, CASK, and CINAP antibodies were specific, because control IgG of endogenous NR2b promoter by a CINAP/CASK/Tbr-1 protein complex in neurons. or protein A sephorase alone did not precipitate NR2b (B-D) NMDA treatment reduced both RNA and protein levels of NR2b. Hippocampal neurons were pretreated with TTX overnight and then stimulated with NMDA. In (B), total RNAs were purified and analyzed by Northern blot using NR2b and actin cDNAs as probes. Actin, 18S, and 28S rRNA were used as internal controls. In (C), semiquantitative RT-PCR was performed to examine the RNA levels of NR2b and CINAP. CASK was used as an internal control. PCR products were harvested at different amplification cycles, as indicated, and analyzed by agarose gels. In (D), cell extracts were immunoblotted using NR2b, Tbr-1, CASK, and tubulin antibodies. The relative protein levels of NR2b, Tbr-1, and CASK were calibrated using tubulin as a standard.
In this study, we showed that NMDA treatment resuch as NR2b and reelin, via its interaction with the CASK/Tbr-1 complex. More interestingly, a synaptic acduced protein levels of CINAP in hippocampal neurons (Figure 3) . If CINAP is essential for NR2b expression, tivity-dependent proteasomal pathway regulated protein levels of CINAP. Changes in the level of CINAP NR2b expression should also be reduced in NMDAtreated neurons. To test this possibility, NMDA was protein correlated to the level of NR2b expression. CINAP is the first identified nucleosome assembly proadded to mature hippocampal cultures that were transfected with NR2b-luc alone. NR2b-luc expression was tein that has been shown to respond to synaptic signals and regulate expression of specific genes in neurons decreased to ‫%01ف‬ (of the control value) in the presence of NMDA (Figure 10A ), indicating that NMDA treatment (Figure 11 ). reduces the promoter activity of NR2b. Similarly, the results of semiquantitative RT-PCR, Northern blot, and CINAP and Nucleosome Assembly Proteins immunoblot analysis demonstrated that endogenous CINAP belongs to the NAP/SET/TSPY family. The NAP RNA and protein levels of NR2b in hippocampal neurons domain is the common characteristic structure in this were also greatly decreased when the neurons were treated with NMDA ( Figures 10B-10D) . These results suggest that the regulatory effect of NMDA on NR2b expression acts on the transcription level of the NR2b gene. Of the protein complex CINAP/CASK/Tbr-1, CINAP was the only protein sensitive to NMDA stimulation in cultured hippocampal neurons, since the protein levels of Tbr-1 and CASK were not significantly changed after NMDA treatment ( Figure 10D) . Consistent with the protein level change, the ChIP study also indicated that association between CINAP and the NR2b promoter was reduced by NMDA treatment ( Figure 9E ). In contrast, NMDA stimulation didn't affect the association between CASK and NR2b promoter ( Figure 9E) . Therefore, since knockdown of CINAP expression reduced promoter activity of NR2b and the decrease of CINAP protein levels by NMDA treatment correlated to NR2b expression in response to NMDA stimulation, the results suggest that CINAP contributes to the reduction of NR2b expression Circular plasmid DNA GW1-CMV was first relaxed by DNA topoisom-PCR using CINAP/SG5 as template. The PCR product was then selferase I (Amersham) and then used in DNA super-coiling assays as ligated to create a CINAP mutant, of which the aa residues 255-259 described previously (Fujii-Nakata et al., 1992), with minor modifica--IPGFW-were changed to -AAGAA-. For CINAP 310A mutant, the tions. Briefly, 600 ng of relaxed plasmid DNA, 200 ng of core histone, PCR primers were oligo 3 (5Ј-GCAGCAGCTGCTGCAG CCATGGT and various concentrations of fusion proteins were subjected to a GATCGTCAAGGAGTTC) and oligo 4 (5Ј-TGTCTGGAAGTACAGCT nucleosome assembly reaction at 37ЊC for 1 hr in a 75 l reaction TCAT); the aa residues 308-313 -NPYFTN-of CINAP were changed buffer containing 10 mM Tris-HCl (pH 8.0), 90 M ATP, 50 M MgCl 2 , to -AAAAAA-. For 360A mutant, the PCR pimers were oligo 5 (5Ј-1 mM EDTA, 57 mM KCl, and 100 g/ml BSA. The reaction was GCAGCTGCAGCAGCTGCTG CCAATCACAGCCTCCCAGAA) and then stopped by adding 0.2% SDS and 100 g/ml proteinase K and oligo 6 (5Ј-TTCTCTGGTGTCATGGCTCC T); the aa residues 356-then incubated for 15 min at 55ЊC. The plasmid DNA was purified 362 -SFFNWFS-of CINAP were changed to -AAAAAA-.
by extracting twice with phenol/chloroform. One sixth of total DNA All of the CASK and Tbr-1 mammalian expression constructs have samples were separated on 1% agarose gel and visualized by EtBr been described previously (Hsueh et al., 1998 , except for the staining after running the gel. myc-tagged Tbr-1 that was constructed by insertion of Tbr-1 into the EcoRI site of a modified pCMV-GW1, containing a c-Myc tag at the N terminus of the multiple cloning sites. Luciferase reporters Hippocampal Culture, Immunoblotting, and Luciferase Assays T-luc and Rln-luc have been described (Hsueh et al., 2000) . For NR2b-luc, the nucleotide residues from Ϫ747 to ϩ26 relative to Hippocampal neurons from embryonic day 18-20 rat brains were dissociated and cultured in Neurobasal medium, supplemented with transcriptional initiation site of the Nr2b were PCR amplified and subcloned into the KpnI site of the vector RSV⌬E90-Luc. The Tbr-1 2% B27 supplement, 0.5 mM glutamine, and 12.5 M glutamate in the density of 260,000 cells/cm 2 . On 8 DIV, neurons were treated binding site GTGTGAGA locates at Ϫ160 relative to transcriptional initiation site. In the NR2b⌬T-luc construct, the Tbr-1 binding with tetrodotoxin (1 M) for 12-16 hr to reduce endogenous synaptic activity. Cells were stimulated with glutamate (100 M) or NMDA site was removed by the PCR cloning approach. For CINAP RNAi, a pair of oligonucleotides (CINAP939, GATCCCCCATGGTGATCGT (100 M) at 9 DIV for 6 hr. CNQX ( 
